Following inflammatory stimuli, neutrophils are recruited to sites of inflammation and exert effector functions that often have deleterious effects on tissue integrity, which can lead to organ failure. Bruton's tyrosine kinase (Btk) is expressed in neutrophils and constitutes a promising pharmacological target for neutrophil-mediated tissue damage. Here, we evaluate a selective reversible inhibitor of Btk, PRN473, for its ability to dampen neutrophil influx via inhibition of adhesion receptor signalling pathways.
Introduction
Blood leukocytes are recruited to sites of tissue inflammation where they execute host defence functions such as release of radical oxygen species and digestive enzymes (Nourshargh and Alon, 2014) . However, especially in the context of sterile injury where a targetable pathogen is missing, neutrophil recruitment is often excessive, thereby causing significant collateral tissue damage, which at times can even affect remote organs. In these settings, such as following ischaemic injury, trauma or sterile liver injury, neutrophil-driven innate immune functions constitute more of a poorly controlled autoimmune disease than beneficial host protection. Depending on clinical severity, this process can ultimately lead to multiorgan dysfunction and thus significantly contribute to patient mortality.
For this reason, preclinical studies have investigated the effects of inhibiting the molecular mechanisms of the leukocyte recruitment in autoimmunity and other sterile inflammatory diseases. Growing evidence demonstrates beneficial therapeutic potential of decreasing neutrophil influx, with reduced collateral tissue damage and preserved organ function (Etzioni, 1996; Singbartl and Ley, 2004; Herter et al., 2014; Volmering et al., 2016) .
Over the last decade, our understanding of leukocyte recruitment has greatly increased, with the different steps of this process, named the 'leukocyte recruitment cascade', now identified . The interaction of endothelial E-selectin and P-selectin with neutrophil Pselectin glycoprotein ligand-1 (PSGL-1) mediates the initial capture and rolling of white blood cells along the vessel wall . During leukocyte rolling, engagement of endothelial-bound chemokines to G-coupled receptors on the neutrophil triggers full arrest via activation of the β 2 -integrin lymphocyte function antigen-1 (LFA-1) (Zarbock et al., 2007) . Of note, the chemokine receptor CXCR2 seems to be the predominant chemokine receptor mediating neutrophil arrest. Following arrest, post-adhesion strengthening and consecutive endoluminal crawling occur prior to extravasation to the tissue . Both of these processes require chemokine-induced activation of the β 2 -integrin macrophage antigen-1 (Mac-1) (Phillipson et al., 2006; Volmering et al., 2016) .
We previously reported that Bruton's tyrosine kinase (Btk) is essential for the activation of the β 2 -integrin Mac-1 following engagement of N-formylmethionine-leucylphenylalanine receptor 1 (Fpr1) (Volmering et al., 2016) . This process is required for both the sustained adhesion at the vessel wall and endoluminal crawling prior to transmigration to the tissue and thus constitutes a prerequisite for neutrophil recruitment (Volmering et al., 2016) . Accordingly, Btk constitutes a promising pharmacological target to inhibit overwhelming neutrophil influx to preserve organ function. Furthermore, Btk inhibitors have proven their clinical utility and are already clinically used with great success to treat Bcell malignancies (Seiler and Dreyling, 2017) .
Previous studies have suggested improved efficiency of inverted cyanoacrylamide inhibitors targeting a noncatalytic cysteine in Btk to prolong on-target residence and enhance selectivity . However, the feasibility of this approach to inhibit neutrophil responses in vivo was unknown. Here, we demonstrate the therapeutic potential of PRN473, a reversible, selective inhibitor of Btk phosphorylation of the inverted cyanoacrylamide type , designed to achieve extended Btk pharmacodynamic effects. Treatment with PRN473 potently abolished N-formylmethionine-leucyl-phenylalanine (fMLP)-induced Mac-1 activation both in vivo and in vitro and greatly reduced neutrophil recruitment in a model of sterile liver injury.
Methods

Animals
All animal care and experimental procedures were approved by the Animal Care and Use Committees of North Rhine Westphalia, Germany (LANUV). Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . The 8-to 15-week-old C57Bl/6 (Janvier, Le Genest-Saint-Isle, France), LysMGFP + (Faust et al., 2000) , Btk À/À (The Jackson Laboratory, Bar Harbor, ME, USA)
and LysMGFP + -Btk À/À mice were housed in the specified pathogen-free (SPF) facility. PRN473 was dissolved in DMSO prior to usage and diluted from a 10 mM stock solution for in vitro experiments. DMSO of equal concentration was used as vehicle control. For in vivo experiments, PRN473 was dissolved in Captex355 NP/EF (supplied by Principia Biopharma) and diluted from a 4 mg·mL À1 stock solution, injected i.p. for 3-days daily, prior to the experiment, with the last dose on the day of the study. PRN473 was administered at 20 or 40 mg·kg À1 to target partial or complete occupancy of Btk respectively (Supporting Information Figure 2 ). Captex355 NP/EF at equal concentrations was used as vehicle control.
Biochemical assays
Bone marrow-derived wild-type (WT) or Btk À/À neutrophils were isolated using a 62% single-layer Percoll gradient and resuspended in PBS (containing 1 mM each CaCl2 and MgCl2). Neutrophils were stimulated with fMLP (10 μM) or were left unstimulated. Neutrophils were then lysed in RIPA buffer and boiled with sample buffer (10 min, 95°C) or, in some experiments, incubated with Sepharose A/G beads (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and anti-Btk (Santa Cruz Biotechnology, Inc.) antibody for 4 h at 4°C. Beads were washed four times, and bound proteins were eluted by adding boiling sample buffer. Cell lysates and immunoprecipitates were run on 10% SDS-PAGE and immunoblotted using antibodies against phosphotyrosine (4G10, EMD Millipore, Burlington, MA, USA), Btk (Santa Cruz Biotechnology, Inc.), phospho-Src (Tyr416), phospho-p38 MAPK, p38 MAPK, phospho-Akt and Akt (Cell Signalling, Danvers, MA, USA). Immunoblots were developed using an enhanced chemiluminescence system (GE Healthcare, Little Chalfont, UK). Densitometric quantifications were conducted using ImageJ software.
Soluble ICAM-1-binding and fibrinogen-binding assay 
Intravital microscopy of the murine cremaster muscle
Mice were anaesthetized with injection of 125 mg·kg
À1
ketamine hydrochloride (Sanofi Winthrop Pharmaceuticals, Bridgewater, NJ, USA) and 12.5 mg·kg À1 xylazine (Tranqui Ved, Phonix Scientific, St. Joseph, MO, USA) i.p., and the cremaster muscle was prepared for intravital imaging as previously described . Intravital microscopy was performed on an upright microscope (Axioskop, Carl Zeiss Microscopy, Jena, Germany) with a 40× 0.75 numerical aperture saline immersion objective. Neutrophil adhesion was determined by transillumination intravital microscopy. Recorded images were analysed offline with ImageJ (NIH, Rockville, MD, USA) software. The microcirculation was recorded with a digital camera (Sensicam QE, The Cooke Corporation, Romulus, MI, USA). For GPCR-induced arrest, the carotid artery was cannulated for injection of fMLP (16 μg). In a representative vessel, the initial number of adherent neutrophils was determined, fMLP was injected and the vessel was recorded for 15 min. Movies were analysed with SlideBook software (Intelligent Imaging Innovations, Göttingen, Germany). Blood flow centreline velocity was measured using a dual photodiode sensor system (Circusoft Instrumentation, Hockessin, DE, USA) and was used to calculate blood flow velocity (Zarbock et al., 2007) and estimated Newtonian wall shear rates (Ley and Gaehtgens, 1991) as described previously.
Intravascular in vivo crawling assay
Using intravital microscopy, intravascular crawling of neutrophils was examined as described previously (Phillipson et al., 2006) . Briefly, anti-Gr-1 antibody (clone RB6-8C5), labelled with Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA), was injected via the cannulated carotid artery prior to the experiment. Following preparation and exteriorization, the cremaster was superfused with fMLP (10 μM) and time-lapse microscopy was performed for 2 h. The number of adherent cells was determined, and the neutrophil crawling velocity and crawled distance were analysed using SlideBook software (version 5, Intelligent Imaging Innovations).
Spinning disc confocal intravital microscopy of the murine liver after focal hepatic necrosis
Mice were anaesthetized i.p. with a mixture of ketamine hydrochloride (125 mg·kg À1 ) and xylazine (12.5 mg·kg À1 ). After anaesthesia, mice were placed on a heating pad set to 37°C to maintain the body temperature for the duration of all performed experiments. The left carotid artery was cannulated for administration of additional anaesthetics. For intravital microscopy of the liver, mice were prepared as previously described (McDonald et al., 2010) . In brief, a midline laparotomy was performed followed by removal of the skin and abdominal muscle to expose the liver lobe. A thin platinic wire was heated and briefly pressed on the liver to induce a focal injury on the surface of the liver. Necrotic cells were labelled with a single application of 2 μL of a propidium iodide solution (1.0 mg·mL À1 ) diluted 1:25 in PBS to the surface of the liver. To avoid dehydration, all exposed tissues were moistened with PBS-soaked tissues. After preparation, the exposed liver was visualized with an upright spinning disc confocal microscope (CellObserver SD, Carl Zeiss Microscopy, Jena, Germany) equipped with a 5×/0.25 FLUAR objective, and time-lapse Z-stacks were recorded for up to 4 h after focal injury. The number of adherent neutrophils was determined for different time points per field of view, or after 4 h after injury within specific regions (within injury, proximal 150 μm around injury and beyond 150 μm from injury border). Duration of adhesion and neutrophil crawling was determined within the necrotaxis zone 2.5 h after injury. Thirty neutrophils per field of view were randomly selected for tracking, and chemotaxis parameters (migration plots, forward migration index and crawling velocities) were set. All investigated parameters were analysed with ImageJ or Chemotaxis and Migration tool (Ibidi, Martinsried, Germany).
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . All data are presented as mean ± SEM and were analysed using SPSS (version 22, IBM, Armonk, NY, USA). Differences between the groups were evaluated by two-way ANOVA with post hoc Bonferroni correction or Student's t-test where appropriate. In the case of repeated measurements (chemokine-induced arrest adhesion of time), ANOVA for repeated measurements was used. The number of experiments is indicated by the n values, and a P value of <0.05 was considered statistically significant. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015a,b,c) .
Results
PRN473 is a potent inhibitor of neutrophil Fpr1-induced Btk phosphorylation
PRN473 is a reversible covalent inhibitor targeting a noncatalytic cysteine in Btk , designed to selectively bind Btk with a slow off-rate to provide long duration of inhibition of the target. To investigate the effects of PRN473 on neutrophil signalling, we stimulated WT and Btk-deficient neutrophils isolated using a single layer 62% Percoll gradient with fMLP in the presence or absence of PRN473 and performed an immunoprecipitation of Btk to analyse phosphorylation of the molecule with a phosphotyrosine-specific antibody. Stimulation of neutrophils with fMLP triggers Btk phosphorylation through Fpr1 in an Hck-dependent manner (Volmering et al., 2016) . We found that even low concentrations of PRN473 significantly decreased Btk phosphorylation to levels seen in Btk-deficient neutrophils ( Figure 1A , C and Supporting Information Figure 1A -C). By contrast, upstream activation of (Figure 2A, B) , thus illustrating impaired Fpr1-mediated activation of the integrin Mac-1. To test whether these effects are Mac-1 specific, we performed binding assays for the integrin LFA-1. Treatment of neutrophils with PRN473 did not compromise binding of LFA-1 to its ligand ICAM-1 ( Figure 2C, D) . These results are in line with our previous studies (Volmering et al., 2016) , indicating that Btk is dispensable for LFA-1 activation following Fpr1 engagement and thereby confirming specificity of PRN473 treatment to Fpr1-mediated activation of Mac-1 but not LFA-1. To further examine the specificity of Btk inhibition for Fpr1-mediated Mac-1 activation, we performed both fibrinogen-binding and ICAM-1-binding assays using CXCR2 stimulation by CXCL1 (KC, Figure 2E , F). LFA-1 and Mac-1 activation were unaffected in neutrophils treated with PRN473 or in cells derived from Btk À/À mice, confirming that Btk is only required for the Fpr1-triggered pathway of Mac-1 activation.
Figure 3
Post-adhesion strengthening is reduced following PRN473 treatment in vivo. 
Post-adhesion strengthening is reduced following PRN473 treatment in vivo
During neutrophil recruitment, one important function of the integrin Mac-1 is the sustained adhesion at the vessel wall following cell arrest (Volmering et al., 2016) . While the initial arrest on the endothelium is mediated by chemokine-induced LFA-1 activation, Mac-1 is required for sustained adhesion over time. Without proper functioning of Mac-1, leukocytes lose contact with the vessel wall and detach (Volmering et al., 2016) . We therefore investigated if this step is affected by PRN473 treatment in vivo, at two dose levels targeting partial or complete Btk occupancy (Supporting Information Figure 2 ). Chemokine-induced arrest was similar in treated and untreated animals following i.a. injection of fMLP ( Figure 3A, B) , confirming our in vitro data that LFA-1-dependent adhesion was not impaired by PRN473 treatment in vivo. However, neutrophils in mice treated with PRN473 detached from the vessel wall more rapidly than in mice treated with vehicle control ( Figure 3A , B), thereby indicating reduced Mac-1-dependent post-adhesion strengthening in PRN473-treated mice. Again, we performed similar experiments using CXCL1 stimulation and found no difference in adhesion or post-adhesion strengthening ( Figure 3C, D) , confirming the specificity of PRN473 inhibition for Fpr1-mediated Mac-1 activation in vivo.
It is important to note that PRN473 treatment had no effect on centreline velocity (vehicle: 3.60 ± 0.09 mm·s Furthermore, to ensure reversibility of the observed effects caused by PRN473 administration, we performed chemokine-induced arrest experiments following 2, 24, 48 and 72 h after the last dosing of PRN473 with 40 mg·kg À1 .
We observed reversal of PRN473-mediated impairment of post-adhesion strengthening as soon as 24 to 48 h after the last dose ( Figure 3E, F) . These results are compatible with previously published results (Supporting Information Figure 3) . Finally, we compared pretreatment with PRN473 to a pretreatment with a known Btk inhibitor, LFM-A13, and observed similar results following similar dosing (40 mg·kg À1 ) in its ability to prohibit post-adhesion strengthening ( Figure 3G , H).
Pretreatment with PRN473 impairs intravascular crawling
Following post-adhesion strengthening, neutrophils undertake Mac-1-dependent migratory activity on the vascular side of the vessel wall prior to transmigration . Previous studies have highlighted the importance of this step for successful neutrophil recruitment (Phillipson et al., 2006) . To investigate the effects of Btk inhibition on this step of the leukocyte recruitment cascade, we evaluated intraluminal crawling following fMLP-mediated arrest in vivo. Migratory activity was severely decreased in animals treated with PRN473 compared to vehicle control in terms of arrested cells that crawled ( Figure 4A ) migration distance ( Figure 4B ) and velocity ( Figure 4C ) to levels seen in mice lacking Btk (Figure 4A-C ). These data demonstrate that Btk inhibition with PRN473 potently prohibits intraluminal crawling of adherent neutrophils. 
PRN473 abolishes neutrophil recruitment following sterile liver injury
Finally, we tested the hypothesis that pretreatment with PRN473 would dampen neutrophil recruitment to the liver following sterile liver injury. While the recruitment of neutrophils outside the necrotic focus is dependent on CXCR2 and thus does not require Btk, neutrophil accumulation to the necrotic inflammatory core is dependent on an fMLP gradient guiding Mac-1-dependent migration to the point of injury Kubes, 2011, 2012; McDonald et al., 2010; Volmering et al., 2016) . Even though we observed a similar recruitment of neutrophils outside the injury zone
Figure 5 and within the peri-necrotic zone ( Figure 5A left and middle panel), the number of neutrophils arriving in the necrotic zone was severely diminished in animals treated with PRN473 ( Figure 5A right panel, B) . These results demonstrate intact CXCR2-dependent recruitment of cells to the outer regions of the necrotic focus but impaired Mac-1-mediated recruitment of cells to the necrotic zone in PRN473-treated mice. The decreased accumulation in the lesion was due to impaired migratory activity of recruited neutrophils as evidenced by the reduced migration velocity and distance of cells in PRN473-treated mice ( Figure 5C-E 
Discussion
Here, we report that inhibition of Btk with the reversible covalent inhibitor PRN473 can effectively prevent neutrophil recruitment via blockade of Fpr1-induced activation of Mac-1. We found PRN473 to be a potent inhibitor of Btk phosphorylation. Even at small doses, the level of Btk phosphorylation observed was almost absent, as evidenced by comparison to Btk-deficient neutrophils. This potent effect was also evident in the in vitro ligand-binding assays where a strong reduction of fibrinogen binding was found.
It is a remarkable finding that PRN473 decreases downstream effects of Btk signalling to levels seen in the absence of Btk. The kinase Btk fulfils a unique role in neutrophils comprising the positive regulation of integrin activation (Mueller et al., 2010; Volmering et al., 2016) as well as the negative regulation of ROS production and stimulation-induced apoptosis (Honda et al., 2012) . Increased ROS production and prolonged survival following functional stimulation, as seen in Btk-deficient neutrophils, usually leads to exacerbated inflammation and increased tissue damage (Milot and Filep, 2011; El Kebir and Filep, 2013; Mittal et al., 2014; Leliefeld et al., 2016) . Remarkably, We have described protective effects of Btk deficiency in previous studies, in particular, in following the sterile liver injury model used in this study (Volmering et al., 2016) . This observation indicates that Btkmediated neutrophil recruitment and not ROS production or prolonged survival is the determining factor for organ damage following inhibition of Btk. Our observations support previous results using an siRNA-based approach to silence Btk following acute lung injury (Krupa et al., 2014) and a recently published paper showing amelioration of liver damage following reperfusion injury after treatment with an irreversible Btk inhibitor (Palumbo et al., 2017) .
However, it is worth mentioning that Btk expression is not limited to neutrophils. Yet, for instance, inflammatory states with significant involvement of B-cell immunity, such as viral infections, are less likely to benefit from Btk inhibition (Bermejo et al., 2013) , while recent work has implicated Btk in, for example, the production of IL-17 in response to Trypanosoma cruzi infection. The sterile liver injury model employed here, similar to acute lung injury and some arthritis models, is independent of B-cell-mediated adaptive immunity (Tsuboi et al., 2008; McDonald and Kubes, 2012; Rosetti et al., 2012) . However, the flipside of this coin is that Btk is not expressed in T-cells and Btk inhibition thus preserves T-cell functions, which have quite recently been shown to contribute to the orchestration of innate immunity (Day et al., 2006; Kasten et al., 2010) .
Clinically, a number of trials investigating the efficiency of blocking leukocyte adhesion receptors have demonstrated that the preclinical success of blocking neutrophil influx can be translated into the clinic (Panes et al., 2007; Wun et al., 2014) . Interestingly, limiting neutrophil influx is even discussed as a therapeutic strategy in sepsis, the very disease for which neutrophils were once regarded our strongest allies (Brown and Treacher, 2006) . However, the disadvantage of directly blocking adhesion receptors, especially of the integrin family, is their overall abundance and thus lack of specificity for neutrophil recruitment (Nicolls and Gill, 2006) . For instance, while essential for neutrophil recruitment, blocking of LFA-1 compromises both effector and regulatory T-cell function as LFA-1 is also required for the formation of the immune synapse (Reisman et al., 2011) . In this context, a FDAapproved LFA-1 antibody has been withdrawn as it was shown to increase risk for progressive multifocal leukoencephalopathy (Kothary et al., 2011) . Inhibiting specific molecular pathways in leukocyte recruitment offers a more targeted approach and our present data indicate that pharmacological inhibition of Btk is a potent strategy to inhibit Fpr1-dependent neutrophil influx. Such selectivity could overcome drawbacks of earlier, less targeted, attempts.
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https://doi.org/10.1111/bph.14090 Figure S1 Western blots corresponding to Figure 1 . A. Representative complete Western blot of Btk IP probed with 4G10 phospho-antibody (corresponding to Figure 1A) . B. Western blot of WT and Btk deficient neutrophils probed with antiBtk antibody used for the Btk IP of Figure 1A . C. Western blot of the membrane of B, probed with anti-vinculin. Figure S2 Extended Btk inhibition in vivo. Btk occupancy was assessed in mice following a single i.p. dose with 20 mg/kg PRN473 to assess the level of BTK inhibition achieved in vivo. BTK occupancy was measured over time in splenic immune cells utilizing a fluorescently labelled probe for BTK, normalized to total BTK and calculated as % BTK occupancy compared to vehicle control . Mean ± SD, n = 3 per timepoint. Figure S3 In vitro characterization of PRN473 selectivity. (A) Kinase selectivity profile of PRN473. PRN473 was profiled at a concentration of 1 μM against a diverse panel of 250 kinases. The kinases inhibited by greater than 90% are indicated by small red dots while the kinases also inhibited greater than 98% are indicated by the large red dots. Kinases containing a conserved Cys with BTK are indicated by the yellow dots. Illustration reproduced courtesy of Cell Signalling Technology, Inc. (www.cellsignal.com) (B) PRN473 kinase selectivity, n = 2, and cell based potency, n ≥ 3, shows potency and selectivity of PRN473 to BTK. (C) Biochemical off rate of BTK. Prolonged BTK residence time exceeding 200 h (D) PRN473 reversibility of binding to BTK was determined by measuring the release of 83% of the compound following trypsin digestion, n = 2.
